Purpose: The aim of the present study was to use finite elemental analysis (FEA) to evaluate bone stress near an implant placed at the border between the mandible and fibular graft in mandibular reconstruction. Materials and Methods: A fibular model (FM) and transplantation model (TM) were constructed for FEA. In TM, mandible was on the mesial side and the fibular graft was on the distal side. The implant was positioned at the center of both bone models. In TM, it was placed on the border between the mandible and fibular graft. A 10-mm implant was used in the monocortical model and a 15-mm implant was used in the bicortical model. The loading force was set at 100 N, the angle was set at 90˚, and the loading position was set as center, mesial, or distal on the upper surface of the prosthesis. Von Mises equivalent stress values of the bone near the implant collar and apex at the middle line between buccal and lingual side were measured. Results: In all models, stress values were significantly lower with center loading than with distal loading and mesial loading. In center loading, the stress values were significantly lower in the bicortical model than in the monocortical model. There were no significant differences in stress values between FM and TM in all conditions. Conclusions: Bone stress was least with the center loading position, which was further decreased by bicortical fixation. There was no increase in mechanical stress associated with placing an implant at the border between the mandible and the fibular graft.
Materials and Methods
Autodesk Inventor Professional software (version 2013, Autodesk, Inc., Mill Valley, CA, USA) was used to create a digital 3D model to design, visualize, and simulate stress to the implant models Bone models consisted of 2 layers: a cortical layer and a cancellous layer (Figure 1) . The height of all bone models was set at 15.0 mm (Figure 2) . The height of fibular cortex was set at 3.5 mm [25] and that of mandibular cortex was set at 2.0 mm [23] [24] . The remaining height of the cancellous bone was set at 8.0 mm for the fibular side and 11.0 mm for the mandibular side. In TM, the mandible formed the mesial border and the fibula formed the distal border. Two cylinder-type implants, both with a diameter of 4.0 mm and lengths of 10 and 15 mm, were modeled. The occlusal surface of the prosthesis was elliptical with a vertical diameter of 6.0 and a horizontal diameter of 8.0 mm (Figure 2(e) ). The prosthesis was transitioned from the occlusal surface to the implant collar.
The implant was placed in the center of the bone model, which was at the border between mandible and fibula in TM. The implant length was 10 mm in monocortical models and 15 mm in the bicortical models. Four models were constructed by altering the cortical model and implant positions.
The finalized computer-designed models were discretized into tetrahedral elements with a rectangular base using the FEA software Mechanical Finder Extended Edition (version 6.2; Research Center of Computational Mechanics, Inc., Tokyo, Japan), resulting in finite elemental meshes arranged in a 3D pattern. The elements were set over a range of 0.2 -0.5 mm. Meshes of 373,848 elements and 66,558 nodes, 374,033 elements and 66,536 nodes, 376,612 elements and 67,126 nodes, and 377,393 elements and 67,190 nodes were generated for FM with bicortical fixation (FMB), FM with monocortical fixation (FMM), TM with bicortical fixation (TMB), and TM with monocortical fixation (TMM), respectively.
The models presented characteristics of linear elasticity. The homogeneity principle was also adopted because the materials were assumed as homogenous and isotropic. The interfaces between the cortical bone, cancellous bone, implant, and prosthesis were assumed to be sufficiently bonded, corresponding to good osseointegration. Input data for the implant and prosthesis were obtained from those made using pure titanium, with a Young's modulus of 105.91 GPa and a Poisson ratio of 0.11. The Young's modulus and Poisson ratio for cortical bone are 14.70 GPa and 0.30, respectively, and those for cancellous boneare 0.49 GPa and 0.30, respectively [22] [26].
The lower surface of each model was completely constrained. Some studies have reported a force of approximately 200 N applied to a molar [27] [28] . In this study, we selected a force of 100 N in order to avoid overstress to the model. The size of force was limited to a diameter of 2.0 mm and loading positions were set as center, mesial, and distal on the upper surface of the prosthesis (Figure 3) .
Von Mises equivalent stress values at the mesial and distal sides of the cortical bone near the implant border were measured at 4 points on the upper surface to a depth of 2 mm at 0.5-mm increments at the middle line between buccal and lingual side, respectively. The bone near the implant apex was also measured at 4 points from the implant apex, at every 0.5 mm (Figure 4 ). There was a maximum number of 16 points in this model. All values are expressed as means ± standard deviation. Statistical analysis was performed by 1-way analysis of variance and Tukey's honestly significant difference test (p < 0.05) or the Games-Howell test (p < 0.05), where necessary. SPSS software for Windows was used for the analysis (PASW Statistics 18.0; SPSS Inc., Tokyo, Japan).
Results
The mean von Mises equivalent stress values of the mesial and distal sides with three loading situations in 4 models are described ( Table 1 
Loading Position
Differences among loading positions were investigated by comparisons of mean values of the 16 points located on the bone near the collar and apex of the implant ( Table 2) . In all models, the stress values with center loading (Figure 5(a), Figure 6 
Insert Position
Differences among insert positions were investigated by comparisons of mean values at 8 points, which were located along the bone near the implant collar ( Table 3) . The values of bone near the implant apex were excluded because they were outliers in both bicortical and monocortical models. In center loading, the stress values of FMB (Figure 5(a) ) were significantly lower than those of FMM (Figure 6(a)) ; similarly, stress values of TMB (Figure 7(a) ) were significant lower than those of TMM (Figure 8(a) ).
Bone Model
Differences between the FM and TM under the same conditions were investigated by comparison of mean values of the 16 points on the models, which were located around the bone near the collar and apex of the implant. As shown in Table 4 , there were no significant differences among all experimental conditions ( Table 4) . Table 2 . Mean von Mises equivalent stress values for bone near the collar and apex of the implant (n = 16). : There were significant differences between center loading and mesial loading, and center loading and distal loading. *2 : There were significant differences between center loading and distal loading. 
Discussion
The ideal condition for an implant is a sufficient cortical bone support against the occlusal force [29] . Some studies [30] [33] to duplicate the angle of occlusion. However, reconstruction varies among cases due individual differences. In the present study, the loading angle was set verticality to the upper surface of the prosthesis to exclude phenomena caused by morphological differences among patients. In addition, the following three loading positions were set: center, mesial and distal (Figure 3) . A single-tooth prosthesis was assumed for all models. However, different loading positions were tested to identify the mechanisms responsible while using a cantilevered prosthesis. Our results showed that stress values were significantly lower with center loading than with mesial and distal loading ( Table 2) . Yokoyama et al. [22] reported that bone stress was increased by moving the loading position away from the center of the implant site, which was in accordance with our results, showing that bone stress was lowest at the center loading position under similar conditions in FM and TM.
The use of cortical bone is important to achieve implant stability. Generally, monocortical fixation is used in which the penetration of the cortical bone occurs only near the implant collar. Bicortical fixation involves the use of 2 layers of cortical bone near the collar and apex of the implant. Some studies reported a decrease in bone stress by bicortical fixation [19] [20] [31] . Even by FEA, Holberg et al. [34] reported that stress was significantly lower in bicortical fixation than in monocortical fixation. Moreover, other studies [28] [35] reported a decrease in stress levels at the cortical bone near the upper base by the deep positioning of implant and using a longer implant. In this report, the center loading position was associated with significantly lower stress in the cortical bone near the implant collar in the bicortical model than in the monocortical model (Table 3) ; however, there was no significant difference between the mesial and distal loading positions. Another study reported that stress during off-axis loading of the implant was concentrated in the cortical bone near the implant collar [22] . Therefore, the mesial and distal loading positions did not offer the same benefits for decreasing stress levels in the cortical bone near the implant apex in the bicortical model as well.
Huang et al. [36] and Haibin et al. [37] reported that bone stress levels were increased when the cortical bone is thin. In implant treatment, loading stress was concentrated on the thin cortical bone, which resulted in implant loss [38] . The main difference between the fibula and mandible is the thickness of cortical bone (2.0 and 3.5 mm, respectively) [23] - [25] Chiapasco et al. [39] and Kramer et al. [40] reported that FEA did not reveal significant differences in stress values between the mandible and fibular graft. In this study, FM and TM were modeled under these same conditions. The thickness of the mesial cortical bone of TM was 2.0 mm and that of the distal cortical bone was 3.5 mm (Figure 2) . However, this difference did not cause a significant difference in bone stress values at these 2 positions ( Table 4 ). In addition, our results are in agreement with those of Huang et al. [36] , who reported that a cortical bone thickness of 2.0 mm was sufficient to stabilize the implant.
QOL of patients receiving reconstructive treatment can improve with the use of implants compared with that of patients receiving general care [11] . However, no study has investigated the benefits of implants placed at the border between host bone and bone grafts. Hidalgo et al. [41] reported that the border between the mandible and transplanted fibular graft was stable. In our clinic, we experienced a case that required tumor resection in which a fibular graft was used for mandibular reconstruction. In this case, the implant was placed at a distance of 2 mm from the tooth on the border between the mandible and fibula using bicortical fixation (Figure 9) . The reconstruction has lasted for >13 years without any problem. In this study, we simulated a simple implant model and employed FEA to evaluate bone stress. Our results showed that there were not mechanical problems when the implant was placed on the border between the mandible and the fibular graft.
However, there were some limitations associated with the present FEA. Our model did not take into account individual differences, including those in occlusal force, occlusal angle, occlusal muscle strength, bone quality, and bone thickness. Therefore, further studies are necessary to identify appropriate models for FEA.
Conclusion
In this study, we constructed a 3D model using FEA for assessing bone stress when an implant was placed at the border between the mandible and fibular graft to investigate bone stress. Our results showed that bone stress was significantly increased by use of a loading position away from the center of the implant. Center loading in a bicortical anchored model was associated with a significant decrease in bone stress. There were no significant differences between FM and TM. The results of this study sufficiently indicated that an implant should not be placed at a more distal position in a mesial cantilever prosthesis in an attempt to avoid a position on the border between the host bone and the graft.
